Mutations in the neurofibromatosis type 2 (NF2) gene cause formation of schwannomas and other tumors in the nervous system. The NF2 protein, Schwannomin/Merlin, is a cytoskeleton-associated tumor suppressor regulated by phosphorylation at serine 518 (S518). Unphosphorylated Schwannomin restricts cell proliferation in part by inhibiting Rac-and p21-activated kinase (Pak). In a negative-feedback loop, Pak phosphorylates Schwannomin inactivating its ability to inhibit Pak. Little is known about receptor mechanisms that promote Pak activity and Schwannomin phosphorylation. Here we demonstrate in primary Schwann cells (SCs) that Schwannomin is rapidly phosphorylated on S518 by Pak following laminin-1 binding to b1 integrin, and by protein kinase A following neuregulin-1b (NRG1b) binding to ErbB2/ErbB3 receptors. These receptors, together with phosphorylated Schwannomin, P-Pak, Cdc42 and paxillin are enriched at the distal tips of SC processes, and can be isolated as a complex using b1 integrin antibody. Dual stimulation with laminin-1 and NRG1b does not synergistically increase Schwannomin phosphorylation because ErbB2 kinase partially antagonizes integrin-dependent activation of Pak. These results identify two parallel, but interactive pathways that inactivate the tumor suppressor activity of Schwannomin to allow proliferation of subconfluent SCs. Moreover, they identify ErbB2, ErbB3 and b1 integrins as potential therapeutic targets for NF2.
Introduction
The neurofibromatosis type 2 (NF2) tumor suppressor Schwannomin (Sch), also known as Merlin, is a membrane-cytoskeleton linking protein (Rouleau et al., 1993; Trofatter et al., 1993) . Mutations in the NF2 gene predispose individuals to benign, slowgrowing schwannomas. Sch's conformation, localization and phosphorylation are important determinants of its ability to regulate proliferation and actin organization (reviewed in McClatchey and Giovannini, 2005) . The tumor suppressor function of Sch is associated with its closed, intracellular form lacking phosphorylation on serine 518 (S518; Shaw et al., 2001; Rong et al., 2004) . In this conformation, Sch inhibits Rac-mediated signaling cascades and progression through the G 1 phase of the cell cycle (reviewed in Okada et al., 2007) . Phosphorylation of Sch-S518 is believed to stabilize Sch in the open conformation, inhibiting its tumor suppressor function while unmasking binding sites for transmembrane receptors and actin-associated proteins (James et al., 2001; Rong et al., 2004) . P21-activated kinase (Pak) and protein kinase A (PKA) phosphorylate Sch on S518, but the receptor mechanisms leading to Sch phosphorylation are unknown (Kissil et al., 2002; Xiao et al., 2002; Alfthan et al., 2004) .
Previously, we demonstrated that Sch localization to the plasma membrane, and its phosphorylation on S518 require direct binding of residues 50-70 within Sch's N terminus to the scaffold protein, paxillin (Fernandez-Valle et al., 2002; Thaxton et al., 2007) . We also demonstrated that Sch is present at the plasma membrane of subconfluent Schwann cells (SCs), where Sch and paxillin interact with b1 integrin and ErbB2; receptors critical for SC adhesion, motility, proliferation and myelination (reviewed in Chernousov and Carey, 2000; Garratt et al., 2000; Fernandez-Valle et al., 2002) . Paxillin also recruits Pak to the plasma membrane, and serves as a scaffold for SchPak interactions by binding multiple regulators of Rac and Cdc42, members of the Rho family of GTPases, as well as actin-binding proteins and components of focal complexes and adhesions (reviewed in Turner, 2000) .
Here, we demonstrate that neuregulin-1b (NRG1b) and laminin-1, ligands for ErbB and b1 integrin receptors, respectively, induce Sch phosphorylation in SCs through two independent pathways, NRG1b by PKA, and laminin-1 by Pak. NRG1b and laminin-1 do not synergize to increase Sch phosphorylation, but rather NRG1b partially antagonizes laminin-induced Sch phosphorylation. These findings show that Sch is a convergence point for transduction of signals from ErbB and b1 integrin receptors that regulate proliferation, differentiation and cytoskeletal dynamics in SCs during peripheral nerve development.
Results
NRG1b and laminin-1 induce phosphorylation of Sch at SC distal tips and radial membrane protrusions NRG and laminin activate Cdc42/Rac GTPases and Pak in other cell types (Adam et al., 1998; Del Pozo et al., 2000) . Work from this laboratory has demonstrated that Sch can interact with both ErbB2 and b1 integrin, and that paxillin-dependent localization to the plasma membrane is required for phosphorylation of Sch by Cdc42-Pak (Fernandez-Valle et al., 2002; Thaxton et al., 2007) . Here, we sought to identify receptor(s) that trigger Pak activity and Sch phosphorylation. We stimulated subconfluent and serum-starved primary rat SCs grown on laminin-1 with NRG1b for 30 min and assessed the phosphorylation states and localization of ErbB2, Sch and Pak. ErbB2, ErbB3 and Sch were found along SC processes and were concentrated at the distal tips. NRG1b stimulation induced a focal enrichment of P-ErbB2 and PS518-Sch at the distal tips of SC processes and within membrane protrusions (Figure 1 ). These molecules colocalized with Cdc42 and paxillin. Phosphorylated Pak was also enriched in membrane protrusions and at the distal tips where it colocalized with ErbB2.
We quantified the changes in phosphorylation of ErbB2, Sch and Pak in serum-starved and NRG1b-stimulated SC processes (Figures 2a and b) . We found Figure 1 Phosphorylated forms of ErbB2, Sch and Pak colocalize with paxillin and Cdc42 in processes, their distal tips and radial protrusions in SCs acutely stimulated with NRG1b. Subconfluent SCs plated on PLL/laminin-1-coated coverslips were serum starved overnight and were then stimulated with NRG1b for 30 min. Immunostaining was conducted for the indicated proteins to assess their phosphorylation states and localizations. SCs are shown at low magnification (left), and the boxed area is shown at higher magnifications to the right and within insets. All proteins were present in the cytosol, along SC processes and were focally enriched at radial membrane protrusions and distal tips. Scale bars represent 20 mm. marked increases in fluorescence intensity along SC processes for P-ErbB2, PS518-Sch and P-Pak, particularly at process tips of stimulated versus starved SCs ( Figure 2a ). P-ErbB2 levels increased by 1.6-fold, PS518-Sch by 1.5-fold and P-Pak by 1.9-fold in the processes of NRG1b-stimulated versus -starved SCs (Figure 2b ). These results demonstrate that acute stimulation of SCs with NRG1b induces phosphorylation of Sch downstream of ErbB2/ErbB3, possibly by Pak.
As the SCs were grown on laminin-1, a ligand for b1 integrin that mediates SC adhesion (Fernandez-Valle et al., 1994) , we tested whether a 30 min exposure to soluble laminin-1 stimulated Sch phosphorylation in subconfluent and serum-starved SCs grown on poly-Llysine (PLL). Laminin-1 promoted a strong increase in the fluorescence intensity of phosphorylated Sch and Pak compared to starved SCs (Figure 2c ). Quantification of fluorescence intensity along the processes revealed a 1.4-fold increase in PS518-Sch and a 1.7-fold increase in P-Pak levels compared to untreated SCs (Figure 2d ). These results demonstrate that adhesion to laminin-1 induces Sch phosphorylation at the plasma membrane, possibly by Pak.
NRG1b promotes Sch phosphorylation through PKA To determine the relative contributions of ErbB2/ErbB3 and b1 integrin activation on Sch phosphorylation, we repeated the experiments using SCs plated on PLL rather than laminin-1 and employed the use of AG825 to specifically inhibit ErbB2 kinase activity (Osherov et al., 1993) . Subconfluent SCs were starved and were then stimulated with NRG1b in the presence and absence of AG825 (Figure 3 ). Western blot analysis revealed that NRG1b promoted a 4.9-fold increase in P-ErbB2 and a 2.7-fold increase in PS518-Sch levels compared to starved SCs. AG825 significantly reduced NRG1b-stimulated phosphorylation of ErbB2, as well as, Sch-S518 phosphorylation (Figures 3a and b) . Surprisingly, Pak phosphorylation was not observed in NRG1b-stimulated SCs. When total protein levels were assessed, we found that NRG1b stimulation reduced the amount of ErbB2 by 54% (Figures 3c and d) . This is consistent with rapid, ligand-induced degradation of ErbB2 receptors (Lotti et al., 1992; Iacovelli et al., 2007) . AG825 partially attenuated the reduction in ErbB2 levels. These results suggest that NRG1b triggers Sch phosphorylation independently of Pak in SCs.
PKA has been reported to phosphorylate Sch at S518 in vitro (Alfthan et al., 2004) . Additionally, NRG1b stimulation has been suggested to induce PKA activity in SCs . Therefore, we tested whether PKA phosphorylated Sch in response to NRG1b activation of ErbB2/ErbB3 receptors on SCs. Subconfluent SCs were serum starved and were stimulated with NRG1b in the presence and absence of PKI 14À22 amide, a specific inhibitor of PKA activity (Figures 3e and f) . NRG1b alone stimulated a 2.1-fold increase in phosphorylated Sch compared to starved SCs, and induced phosphorylation of the cyclic-AMP response elementbinding protein (P-CREB), a known substrate for PKA. PKI 14À22 reduced the levels of Sch and CREB phosphorylation in response to NRG1b stimulation by 70%. Additionally, stimulation of starved SCs for 30 min with forskolin, an activator of adenylyl cyclase that increases intracellular cyclic-AMP and activates PKA, also induced phosphorylation of Sch and CREB. These results indicate that PKA phosphorylates Sch following NRG1b binding to ErbB2/ErbB3 in SCs.
Laminin-1 promotes phosphorylation of Sch-S518 by Pak
To determine if laminin-1 induced phosphorylation of Sch by Pak, we stimulated SCs grown on PLL with soluble laminin-1 for 30 min and conducted western blot analyses ( Figure 4 ). Laminin-1 promoted a substantial 3.5-fold increase in Sch-S518 phosphorylation and a 1.5-fold increase in Pak phosphorylation compared to starved SCs (Figures 4a and b) . The levels of total Sch and b1 integrin did not significantly change in response to laminin-1, while the levels of total Pak fell by 27% (Figures 4c and d) . We additionally tested whether To obtain additional evidence that Pak phosphorylates Sch in response to stimulation with laminin-1, we transiently cotransfected SCs plated on PLL and laminin-1 with green fluorescent protein (GFP)-tagged Sch and Myc-tagged Pak kinase mutant constructs ( Figure 5 ). As previously shown, expression of wild-type Sch (Sch-GFP) resulted in increased S518 phosphorylation at the plasma membrane within discrete membrane protrusions that contain P-Pak (Thaxton et al., 2007) . Coexpression of Sch-GFP with catalytically inactive Pak (Myc-Pak K299A) resulted in a loss of PS518-Sch fluorescence in these domains and throughout the SC, whereas coexpression with constitutively active Pak (Myc Pak T423E) resulted in unrestricted Sch-S518 phosphorylation. These results support Pak-mediated phosphorylation of Sch induced by b1 integrin adhesion to laminin-1.
b1 integrin and ErbB2 exist as a functional coreceptor complex on the SC surface To investigate the possibility that ErbB2 and b1 integrin act as coreceptors to regulate Sch phosphorylation, we tested their ability to colocalize and coimmunoprecipitate.
We found that b1 integrin and ErbB2 colocalized with PS518-Sch and P-ErbB2 at the distal tips of SC processes acutely stimulated with NRG1b ( Figure 6a ). b1 integrin immunoprecipitations prepared from lysates of subconfluent SC cultures contained b1 integrin and ErbB2, as well as, PS518-Sch and paxillin (Figure 6b ). To ascertain whether the receptors associated on the cell surface, b1 integrins were clustered on suspended intact SCs using a b1 integrin antibody immobilized on magnetic beads, and were subsequently lysed and the clustered receptor complexes were isolated (Figure 6c) . A subset of ErbB2 receptors and PS518-Sch were present in the b1 integrin immunoprecipitate. RhoA, used as a control, was not present in the immunoprecipitate.
Transactivation between integrins and receptor tyrosine kinases occurs and can lead to changes in receptor protein expression (reviewed in Lee and Juliano, 2004) . To determine if transactivation takes place in SCs, b1 integrin and ErbB2 protein levels were measured following stimulation with NRG1b or laminin-1 for 30 min. Stimulation with NRG1b significantly increased b1 integrin levels 2.0-fold, but decreased ErbB2 levels by half as compared to starved SCs (Figures 6d and e) . Stimulation of SCs with NRG1b and AG825 suppressed NRG1b's effect on both b1 integrin and ErbB2 protein levels. Stimulation of SCs with laminin-1 did not alter b1 integrin protein levels, but did increase ErbB2 protein levels by a statistically significant 1.5-fold compared to untreated SCs (Figures 6f and g) . Surprisingly, stimulation with laminin-1 and AG825 decreased b1 integrin ) for 30 min after overnight serum starvation. Western blot analysis using phospho-specific antibodies for Sch (PS518-Sch), Pak (P-Pak), ErbB2 (P-ErbB2) and cyclic-AMP response element-binding protein (P-CREB), and antibodies against total Sch (Sch-C18), Pak and b1 integrin are shown. (b and d) Quantification of western blots for starved (D0.5) and laminin-1-stimulated (L) cultures is shown. The graphs represent the average fold increase observed in three or more experiments. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as a loading control for all blots. Error bars represent the s.e.m. P-values are p0.05(*) and o0.01(**). levels by 58%, while ErbB2 levels slightly increased with respect to laminin-stimulated SCs. This is consistent with a basal level of autocrine activation of ErbB2/ ErbB3 in SCs. SCs have been shown to synthesize and secrete NRGs in response to serum deprivation, thereby transducing survival signals (Rosenbaum et al., 1997) .
Dual stimulation with NRG1b and laminin-1 does not synergistically increase Sch phosphorylation To determine if simultaneous activation of ErbB2/ ErbB3 and b1 integrin in SCs synergize to increase phosphorylation of Sch, we stimulated serum-starved SCs grown on PLL for 30 min with NRG1b and soluble laminin-1, in the presence and absence of AG825 (Figure 7) . Dual stimulation resulted in a significant 1.7-fold increase in PS518-Sch and a 2.1-fold increase in P-Pak compared to unstimulated SCs. This level of Sch phosphorylation was not higher than levels observed in SCs stimulated with either NRG1b or laminin-1 alone, which were 2.7-and 3.5-fold higher than starved SCs, respectively (Figures 7a and b) . Surprisingly, stimulation with NRG1b and laminin-1 in the presence of AG825 promoted greater phosphorylation of Sch-S518 (a 4.6-fold increase) and Pak (a 3.1-fold increase) compared to starved SCs, suggesting that ErbB2 kinase activity partially inhibits Pak and its phosphorylation of Sch. PKA has been shown to directly phosphorylate and inhibit Pak (Howe and Juliano, 2000) . We found that AG825 inhibited phosphorylation of CREB in response to NRG1b in dually stimulated SCs, suggesting that ErbB activation of PKA might function to inhibit Pak in SCs following NRG1b and laminin-1 stimulation (Figure 7g ). Sch, Pak and b1 integrin protein levels were not significantly changed in SCs stimulated with NRG1b and laminin-1 in the presence and absence of AG825 (Figures 7c and d) . Stimulation with NRG1b and laminin-1 resulted in a 20% decrease in ErbB2 compared to starved SCs. These results suggest that ErbB2 kinase activity inhibits or competes with Pakdependent phosphorylation of Sch in response to laminin-1, possibly through PKA. A model consistent with our results is shown (Figure 8 ).
Discussion
Phosphorylation of S518 is a critical switch that controls Sch's tumor suppressor activity. Pak and PKA have been shown to phosphorylate Sch on S518 when overexpressed with Sch in cell lines and in in vitro kinase assays, but neither kinase has been linked to receptor activation and phosphorylation of endogenously expressed Sch in any cell type (Kissil et al., 2002; Xiao et al., 2002; Alfthan et al., 2004) . Here, we identify two receptors that lead to rapid phosphorylation of Sch-S518 in SCs. Laminin-1 binding to b1 integrin activates Pak, whereas NRG1b binding to ErbB receptors activates PKA. Each kinase phosphorylates Sch-S518 within 30 min of stimulation. Both receptors regulate all stages of SC development including proliferation, and both play central roles in the tumorigenic and metastatic capacities of many additional cell types. Two distinct receptor-mediated pathways promote Sch phosphorylation Our data provide strong evidence that NRG1b binding to ErbB2/ErbB3 induces PKA-dependent phosphorylation of endogenous Sch. This conclusion is supported by the following results. First, serum-starved SCs have basal levels of phosphorylated Pak and Sch. NRG1b inhibits basal Pak activity while increasing the amount of phosphorylated Sch, 2.7-fold. Second, inhibition of ErbB2 kinase activity by AG825 reduces Sch-S518 phosphorylation in response to NRG1b by 120%. Third, the PKA inhibitor, PKI 14À22 similarly reduces Sch-S518 phosphorylation in response to NRG1b by 70%. Lastly, although not as effective as NRG1b, forskolin increases Sch phosphorylation. We also show that NRG1b promotes phosphorylation of CREB, and that both AG825 and PKI 14À22 inhibit this phosphorylation, consistent with NRG1b stimulation of PKA activity. In support, others have also found evidence of PKA activation by NRG in SCs . Overall, our results indicate that NRG1b binds to ErbB2/ErbB3 receptors and stimulates rapid phosphorylation of Sch on S518 by PKA.
Cell adhesion to extracellular matrix through integrins activates Pak (Del Pozo et al., 2000) . Laminin-1 is present in the endoneurium of nerves in perinatal mice, and promotes strong in vitro adhesion, migration and proliferation of SCs (Milner et al., 1997; Dubovy et al., 1999) . Previously we demonstrated that a6b1 integrin is the predominant laminin-1-binding integrin present in SCs at this stage of development (Fernandez-Valle et al., 1994) . Our new findings indicate that laminin-1 binding to a6b1 integrin promotes Sch-S518 phosphorylation by Pak. Our evidence is as follows: first, stimulation of SCs with soluble laminin-1 increases both P-Pak (1.5-fold) and PS518-Sch (3.5-fold) over basal levels. Similarly, P-Pak and PS518-Sch are increased within SC processes as assessed by quantification of immunofluorescence. Second, Sch-GFP expressed in SCs adhering to laminin-1 is phosphorylated by an endogenous kinase, predominantly when localized at the plasma membrane of cellular processes and particularly in radial membrane protrusions. Previously, we reported that Cdc42-Pak rather than Rac-Pak was associated with phosphorylation of Sch in these domains (Thaxton et al., 2007) . Consistently, we find that expression of catalytically inactive Pak inhibits phosphorylation of Sch-GFP in SCs adhering to laminin-1. Lastly, laminin-1 does not activate PKA or transactivate ErbB2, as P-ErbB2 and P-CREB were not found, ruling out PKA-dependent phosphorylation of Sch in response to laminin-1. It has been established that Pak is recruited to focal complexes through an indirect interaction with paxillin, stimulated by Cdc42 and Rac activity (Brown et al., 2002) . Together, our results indicate that aggregation of a6b1 integrins by laminin-1 triggers translocation of a Pakpaxillin-Sch complex to nascent membrane protrusions where Sch-S518 is phosphorylated by Cdc42-Pak.
ErbB2 modulates b1 integrin signaling
Our data demonstrate that ErbB2/ErbB3 and b1 integrin physically interact and function as coreceptors that regulate both the turnover rate of each receptor and their downstream signals. ErbB2/ErbB3 and b1 integrin coimmunoprecipitate and colocalize on the SC surface, and are enriched at the distal tips of SC processes stimulated with NRG1b. Simultaneous activation of ErbB2/ErbB3 and b1 integrin receptors does not synergistically increase Sch phosphorylation, but rather ErbB2 activity appears to antagonize Pak-dependent phosphorylation of Sch. In SCs stimulated with NRG1b, laminin-1 and AG825, PS518-Sch and P-Pak levels are increased with respect to the levels in dually stimulated SCs, while CREB phosphorylation is eliminated. AG825, in the absence of NRG1b also increases Figure 7 AG825 increases Sch phosphorylation in response to laminin-1 and neuregulin-1b (NRG1b). Subconfluent SC cultures grown on PLL were serum starved overnight and were stimulated for 30 min with NRG1b (10 ng ml
À1
) and laminin-1 (Lam; 10 mg ml À1 ) together, in the absence and presence of AG825 (1 mM). (a, c, e and g) Western blot analysis was conducted using phospho-specific antibodies for Sch (PS518-Sch), p21-activated kinase (Pak, P-Pak) and cyclic-AMP response element-binding protein (P-CREB). Total protein expression was analysed using antibodies against Sch (Sch-C18), Pak, b1 integrin and ErbB2. (b, d and f) Quantification of the expression levels of phosphorylated forms of Sch (PS518-Sch) and Pak (P-Pak) were assessed in starved (D0.5), NRG1b and laminin-1-stimulated (N þ L), and NRG1 plus laminin-1 and AG825 (N þ L þ A)-stimulated cultures. The amount of total Sch (Sch-C18), Pak, b1 integrin and ErbB2 proteins was measured by densitometry. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as a loading control. The graphs represent the average fold increase in three or more experiments. Error bars represent the s.e.m. P-values are p0.05(*) with respect to starved SCs, or as indicated.
basal levels of phosphorylated Pak and Sch (data not shown), consistent with autocrine stimulation of ErbB2 and PKA activity (Rosenbaum et al., 1997) . PKA has been shown to directly phosphorylate and inhibit Pak in NIH3T3 cells (Howe and Juliano, 2000) . Together, these findings indicate that ErbB2, possibly through PKA, antagonizes Pak-dependent phosphorylation of Sch downstream of b1 integrin.
Implications for schwannoma development b1 integrin and ErbB receptors regulate SC proliferation during development. Conditional inactivation of genes encoding their respective ligands, the laminin g1 gene and the neuregulin gene, in mice is associated with low proliferative capacity of SCs during development, demonstrating that both receptors are essential for SC proliferation (reviewed in Garratt et al., 2000; Chen and Strickland, 2003; Yang et al., 2005) . Cooperation between receptor tyrosine kinase and integrin signaling is required for activation of the Ras-Raf-Mek-Erk pathway, which is active in both human and rodent SCs (reviewed in Lee and Juliano, 2004; Monje et al., 2006; Iacovelli et al., 2007) . Activation of mitogenic receptor tyrosine kinases, in the absence of integrin-dependent adhesion, is coupled only to Ras and Raf and does not lead to Mek and Erk activation. Adhesion of integrins to extracellular matrix activates the Rho family of GTPases and Pak, allowing Pak phosphorylation of c-Raf and Mek. Mek then associates with, and phosphorylates Erk (Del Pozo et al., 2000; Coles and Shaw, 2002) . One mechanism by which Sch restricts proliferation is by inhibiting Rac-Pak activity in confluent cells (reviewed in Okada et al., 2007) . Phosphorylation of Sch downstream of both ErbB and b1 integrin receptors would inactivate this ability, and would allow Rac-Pak signaling to couple to Ras-Erk pathways and stimulate proliferation of subconfluent cells.
Consistent with the rapid turnover of focal contacts in subconfluent, motile cells, we find that b1 integrin and ErbB2 protein levels are rapidly modulated by receptor activity. Whereas laminin-1 stimulates a 50% increase in ErbB2 protein expression over starved SCs, NRG1b promotes a 55% decrease in ErbB2 receptors while increasing b1 integrin levels twofold over the levels observed in starved SCs. AG825 attenuates the loss of ErbB2 protein in response to NRG1b and inhibits the increase in b1 integrin, confirming that ErbB2 kinase activity modulates the fate of each receptor. In laminin-1-stimulated SCs, AG825 decreases b1 integrin levels and increases ErbB2 levels, consistent with autocrine stimulation of ErbB2 in SCs. These effects are likely mediated through changes in protein stability and/or degradation, as they occur within 30 min of stimulation. Moreover, our results show that each receptor has a different fate after activation, b1 integrins are stabilized following NRG1b stimulation, whereas ErbB2 is degraded. This also implies that ErbB2-dependent inhibition of Pak is transient, and that b1 integrin and Pak-dependent phosphorylation of Sch occurs during the time ErbB2 receptor expression on the plasma membrane is low.
Sch is at a critical convergence point for transduction of signals from these receptor, and reveals why loss of this protein in SCs predisposes them to tumor formation. There is evidence that Sch controls endocytosis of ErbB family members, possibly through its interaction with HRS (Scoles et al., 2005; Maitra et al., 2006) . Additionally, other paxillin-binding proteins regulate vesicle trafficking and receptor degradation (reviewed in Turner, 2000) . Of note, human schwannoma cells have increased expression of b1 integrin and activated ErbB2, Rac and Pak Utermark et al., 2003; Hansen and Linthicum, 2004) . Loss of Sch expression in SCs could allow unrestricted autocrine stimulation of ErbB2/ErbB3, resulting in increased b1 integrin levels and prolonged activation of PKA, Rac-Pak, Ras-Erk and PI3K-AKT pathways. Activation of these signaling cascades would stimulate a slow, but continuous proliferation of SCs, characteristic of schwannoma growth in individuals with NF2. In subconfluent SCs, Sch is phosphorylated in response to activation of ErbB2/ErbB3 and a6b1 integrin receptors by neuregulin-1b (NRG1b) and laminin-1, respectively, through two distinct pathways involving protein kinase A (PKA) and Pak. Simultaneous coactivation of both receptors does not synergistically increase Sch phosphorylation, but rather ErbB2 antagonizes Pak phosphorylation of Sch, possibly through its activation of PKA (dashed line). Phosphorylated Sch is unable to inhibit RacPak and allows transduction of ErbB and a6b1 integrin signals that promote G 1 progression. Additionally, the presence of this complex at the motile distal tip of SC processes coordinates motility along axons and other cytoskeletal changes in response NRG and laminin, present in basal lamina, which is necessary for myelination of peripheral nerves during development.
In summary, we show that activation of ErbB2/ErbB3 and b1 integrin receptors promotes phosphorylation of Sch through distinct PKA-and Pak-dependent pathways. In vivo, these signaling cascades would cooperate to promote SC proliferation in response to axonal NRG and basal lamina adhesion. In its phosphorylated state, Sch would also permit Rac-Pak-dependent changes in the actin cytoskeleton associated with extension of processes along axons, a critical function for myelination. Our findings shed light on Sch's function during development and pathogenesis in the peripheral nervous system.
Materials and methods

Materials
The following materials were used: natural mouse laminin-1 and Lipofectamine 2000 (Invitrogen; Carlsbad, CA, USA), AG825 and PKI 14À22 amide (EMD Biosciences; San Diego, CA, USA). Sch-GFP constructs were described previously (Thaxton et al., 2007) . Recombinant human NRG-1 b/type II (NRG1b was a generous gift from Mark Marchionni. MycPak K299A and Myc-Pak L107F, T423E (Myc-Pak T423E) constructs were generous gifts from Gary Bokoch (The Scripps Research Institute, La Jolla, CA, USA). Antibodies were purchased from the following sources: ErbB2 and Sch (C18) from Santa Cruz Biotechnology (Santa Cruz, CA, USA); b1 integrin from BD Transduction Labs (San Jose, CA, USA); Pak, Myc and P-CREB from Cell Signaling (Boston, MA, USA); PS518-Sch and P-ErbB2 (Y1248) from Abcam (Cambridge, MA, USA); P-Pak (T423) from Rockland Immunologicals Inc. (Gilbertsville, PA, USA); Xpress from Invitrogen; ErbB2 from EMD Biosciences and Alexa Fluor conjugated secondary antibodies from Invitrogen.
Cell culture
Primary rat SC cultures were prepared from neonatal day 1 rat pups as described previously (Chen et al., 2000) . Subconfluent SC cultures were grown on glass coverslips coated with PLL (200 mg ml
À1
) alone or sequentially with laminin-1 (25 mg ml
). Cultures were starved overnight in Dulbecco's modified Eagle's medium with 0.5% fetal bovine serum (FBS, D0.5) before use. The SCs were either left unstimulated, or were stimulated with NRG1b (10 ng ml À1 ) for 30 min. For laminin-1 stimulation, primary rat SCs were grown on PLL-coated glass coverslips and were starved overnight in D0.5. The SCs were then stimulated with soluble laminin-1 (10 mg ml À1 ) or were left unstimulated.
Immunostaining
The SCs were immunostained as described previously (Fernandez-Valle et al., 2002) . Cells were analysed with a Zeiss laser scanning microscope and LSM 510 software. Images shown in each figure are single planes that were collected with identical settings and were processed identically.
Western blotting
Primary rat SCs were grown to approximately 60% confluency on PLL-coated dishes. The cultures were serum starved overnight in D0.5 and were either left in D0.5 or were preincubated with AG825 (1 mM) or PKI 14À22 (50 nM) for 1 h. Next, the SCs were either left unstimulated or were stimulated with NRG1b (10 ng ml
À1
) and/or laminin-1 (10 mg ml À1 ) in the presence and absence of AG825 (1 mM) or PKI 14À22 (50 nM) for 30 min. The SCs were extracted as described previously (Fernandez-Valle et al., 2002) in either TAN buffer (10 mM Tris-acetate, pH 8.0, 100 mM NaCl, and 1% Igepal) or 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) buffer (50 mM HEPES, 1 mM DTT, 150 mM NaCl, 1% Igepal) containing protease inhibitors. Following extraction, the SC lysate was measured for protein concentration, and 10 mg of total SC lysate was separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and was transferred to polyvinylidene difluoride membranes. The indicated primary antibodies were used, followed by corresponding horseradish peroxidaseconjugated secondary antibody and chemiluminescence detection. Densitometric analysis was conducted on all western blots. Band intensities were quantified and normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH), and to their respective total proteins for phosphorylated forms. Statistical analysis was acquired using the Student's t-test by paired analysis.
Immunoprecipitation Subconfluent SC cultures grown in medium containing 10% FBS, forskolin (2 mM) and pituitary extract (20 mg ml
) were extracted in TAN buffer and 500 mg of lysate was immunoprecipitated with b1 integrin antibody, as described previously (Chen et al., 2000) . Immunoprecipitation with b1 integrin antibody covalently linked to magnetic beads was carried out as described previously (Taylor et al., 2003) .
Transfections
Primary rat SC cultures were transfected using Lipofectamine 2000 as described previously (Thaxton et al., 2007) . The SCs were immunostained 36 h after transfection.
